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INTRODUCTION 
Quantitative multiparameter ultrasonic methods are under development 
for the evaluation of composite materials. Dual frequency, through 
transmission, tone burst signals are used to provide calibrated attenuation 
data and the frequency dependence thereof. Pulse-echo, spike pulse 
signals are used to obtain depth information for interna! reflectors. 
Monostatic and bistatic backscatter and bistatic forwardscatter techniques 
are also used to increase sensitivity to small flaws. Example results are 
presented for silicon carbide (SiC) fiber reinforced lithium alumino 
silicate (LAS) glass-ceramic matrix composites. Results include those for 
manufactured and naturally occurring flaws. 
MEASUREMENT TECHNIQUES ANO APPARATUS 
The measurement techniques under development are carried out in a 
single bridge, dual manipulator, immersion scanning facility under full 
computer control. Figure 1 is a block diagram of the basic apparatus. 
Three signal sources a low frequency tone burst, a high frequency tone 
burst and a spike pulse are used. The three pulses are interleaved in 
time, about 330~s apart, with a master repetition rate of about 1 kHz. 
The two tone bursts excite a wide band transducer which transmit ultrasonic 
tone bursts through the composite part. The tone bursts are received by a 
second transducer on the opposite side. This second transducer is also used 
as a single transmitter and receiver for the pulse-echo spike pulse 
measurements. The received tone burst signals are passed through a 
calibrated step attenuator which is controlled by the computer. It is used 
to calibrate the system at both operating tone burst frequencies before 
each scan of the specimen. The calibration is accomplished, over a 40 dB 
range in 1 dB steps, with the transducers stationed off the part and the 
ultrasound propagating in the water alone. Each of the tone burst signals 
is captured by separate gated peak detectors. The received spike pulse 
signals are captured by four gated peak detectors set to accept signals 
from successive depths within the part of 10 to 30, 30 to 50, 50 to 70, and 
70-90 percent of the thickness. Two receiver amplifiers are used with the 
spike pulse signals to permit higher gains to be used for signals from 
deeper in the part. All peak detected data (6 channels) are analog to 
digital converted and stored in computer memory for image creation and 
processing. The computer controls all data gathering and scanning 
operations. The images are displayed in 14 levels of pseudocolor or grey 
scale. 
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Fig. 1. Ultrasonic system for the NOE of composites. 
The apparatus, as shown in Fig. 1, was arranged to provide the abi1ity 
to simu1taneous1y record through the thickness ca1ibrated, attenuation 
measurements at two we11 defined u1trasonic frequencies, whi1e at the 
same time providing the capabi1ity to observe pu1se echo ref1ections 
capab1e of yie1ding depth information. The tone burst attenuation data 
is a1so processed to create a data file and image of a frequency dependence 
parameter. This is based on the assumption that the frequency dependence 
'wi11 be defined via the re1ation 
(1) 
where a is the attenuation, C is a constant, and f is the ultrasonic 
frequency. The frequency dependence parameter, n, is computed for each 
pixel in the high and low frequency attenuation data sets via Eqn. 1. 
Equation 1 is· based on simplified scattering theory, which has three well 
known regions of applicability according to the relative size of the 
diameter of a scatterer, D, and the ultrasonic wavelength, A. In the 
Rayleigh regime, D <<A, and n = 4. In the phase regime, D =A, and n = 2. 
In the diffusion regime, D >>A, and n =O. Yhile this is admittedly an 
over simplification of the scattering situation in a fiber reinforced 
composite, the use of Eqn. 1 to create images from the attenuation at the 
two frequencies used proves to be of value in the identification of flaws 
in composite materials. Since Eqn. 1 only applies to that portion of 
the total attenuation due to scattering, a correction to the measured total 
attenuation is made for the reflection loss of the ultrasonic signals at 
the two surfaces of the part. This is computed from the measured velocity 
of sound in the part and the density. The observed values typically fall 
in the n =O to 4 range with the value for good fiber reinforced composites 
with no flaws being in the 2.5 to 3.5 range. For delaminations the value 
of n is O as expected since the condition D >> A holds. For this 
method to work well, the selection of the operating tone burst frequencies 
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is important and requires that the general attenuation be high enough so 
that when the reflectivity contribution term is subtracted, the remaining 
attenuation is greater than the expected random variations in the 
measurement. This condition has sometimes been difficult to meet in the 
better ceramic matrix composites where the attenuation may be under 10 dB 
at frequencies up to 25 MHz with plates only 2 mm thick. Operation at 
higher frequencies will alleviate this difficulty when improved 
transducers are obtained. The best results are also obtained when the difference in the operating frequencies is as large as practical. This 
requires wideband transducers. To date, the best transducers found for 
this purpose are those made from PVDF polymer films. PVDF transducers with 
a usable frequency range of 2 to 27 MHz have been obtained with a 10 cm 
focal length and a 1.5 cm diameter element. 
In addition to the measurements described above, the apparatus of 
Fig. 1 has been used to make monostatic and bistatic backscatter and 
bistatic forwardscatter measurements. Figure 2 shows the arrangement for 
bistatic (two transducers) backscatter measurements. If the receiver, the 
transducer of Fig. 2 is used for both the transmitter and receiver 
measurement is called monostatic (single transducer) backscatter. Figure 3 shows the bistastic forwardscatter arrangement. In these backscatter 
and forwardscatter arrangements the angled receiver transducer does not 
intercept the direct surface reflected or transmitted ultrasonic beam so 
that the near surface sensitivity is improved. In addition, these 
techniques improve sensitivity to flaws not coplanar to the specimen 
surface. The selection of the scatter angles, e. and ef' is critical 
for flaw sensitivity as a function of flaw orientation. The angles must 
also be selected not to exceed the critical angle. Mode conversion to 
internal shear waves is also possible and may or may not be desirable. The 
selection of the orientation of the plane formed by the surface normal and 
the transducer axes is also important. 
Transmitter 
Fig. 2. Transducer arrangement for 
bistatic backscatter 
measurements. 
Transmitter 
Normal 
Fig. 3. Transducer arrangement for 
bistatic forwardscatter 
measun,men ts. 
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RESULTS FOR CERAMIC MATRIX COMPOSITE PLATES 
Two SiC fiber reinforced LAS glass-ceramic composite specimens were 
prepared with artificial flaws for use in the NDE development efforts. One 
specimen was constructed with a 12 ply unidirectional lay-up and was about 
2 mm thick. A 1 by 5 cm by 120 micron thick graphite foil was placed 
between the third and fourth plys to simulate a delamination. Figures 4a 
and b show the ultrasonic attenuation measured in a scan of this plate at 
frequencies of 7 and 19 MHz respectively. The ultrasonic data were 
accumulated on a 0.25 mm grid over the specimen dimensions. The 
attenuation for the good material surrounding the foil is seen to increase 
with increasing frequency due to the scattering by the reinforcing SiC 
fibers. Figure 5 results from computing the parameter n (see Eqn. 1) for 
each pixel in Figs. 4a and b. The good material has values of n near 0.6 
while for the foil the values are near O. The value of 0.6 is lower than 
expected principally due to the low attenuation values fo r the 7 MHz data 
which are subject to uncertainties on the order of the absolute values 
measured. The surface reflectivity contributions have been subtracted from 
the data in Fig. 4. Figure 6a is an image of pulse-echo data from the peak 
detector set to accept data from the 30 to 50 % thickness layer inside the 
specimen. The graphite foil is evidenced by a higher reflected signal 
level than from the surrounding material. Figure 6b is an image of 
reflected signals from the 70 to 90 % depth region. The foil is now 
evidenced by a lower reflected signal level since this depth region is 
shadowed by the more shallow foil. 
A second SiC fiber reinforced LAS glass-ceramic composite specimen was 
prepared with the fibers cut, over a distance of about a third of the 
specimen width, in 3 of the 12 plys. Figure 7 is an image of the 
ultrasonic attenuation, at 25 MHz, for this specimen. The cut plys are 
distinguishable in the center of the figure. At frequencies lower than 
about 15 MHz the cut plys can not be observed. The cut plys are also seen 
in the image of the frequency dependence parameter, n, with a signal to 
noise comparable to that for the cut in Fig. 7. Figure Ba is an image 
created using the bistatic forwardscatter technique. Both of the 
transducer angles, e. and e , were set a t 10° with the plane of the 
transducer axes and !he plat e normal being parallel to the fiber direction . 
The cut plys are clearly evidenced in th i s image. Efforts to detect the 
(a) (b) 
Fig . 11. llttenua tion images for S.iC/ I..Mi Plate . (a) 7 MHz ; (b) 19 MHz 
The plate contains a t hi n graphite foil between plys 3 and 4. 
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Fig. 5. Image of frequency dependence parameter n 
computed from data of Figs . 4a and b. 
cut plies using monstastic backscatter failed to yield an image in which 
the plys are seen. Figure 8b is a second forwardscatter image for which 
the transmitter transducer angle, ei' was change to 0° with ef 
remaining at 10°. 
Ultrasonic data were also obtained for a SiC fiber reinforced LAS 
glass-ceramic composite plate which was subjected to thermal and mechanical 
stresses. The plate has a [0, + 45, 90] lay-up with 16 plys. The thermal 
stresses consisted of 6000 cycles ·between 760 and 1000°C. It was also 
mechanically stressed in three point bending until microcracks were 
initiated on the tensile side. The plate was ultrasonically evaluated 
before these stresses were applied and found to be uniform and without 
(a) (b ) 
Fig. 6. Images of pulse-echo reflections from plate used for Fig. 4. (a) 
30 to 50% depth; (b) 70 to 90% depth. 
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Fig. 7. Attenuation image at 25 MHz for SiC/LAS 
plate. The plate contains cut plys. 
obvious flaws. Figure 9 is an image of the ultrasonic attenuation at 20 
MHz. In areas around the edge, and for two larger circular areas on the 
left side, the attenuation exceeds the dynamic range of the system and is 
evidenced by white levels. The grey levels that are within the system 
dynamic r ange are typical of the original i mage of the material pr ior to 
the application of the thermal and mechanical stresses. I t is obvious from 
Fig . 9 that the mate rial was changed by the stresses applied. Figure lOa 
is an image constructed from bistatic backscatter data with the receiver 
transducer angle at 10° and the transmitter beam perpendicular to the 
specimen surface as shown in Fig. 2. The gated peak detector was time 
gated to look at reflections from within the first 30 percent of the 
depth of the spe cimen. There is evidence, in Fi g. lOa, of higher l evel 
( a ) (b) 
Fig. 8. Images of bista tic fo rwardscatter data for plate used for Fig. 7. 
(a) ei= ef = 10°; (b) ei = 0°, ef = 10°. 
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Fig. 9. Attenuation image at 20 MHz of Sic/LAC 
plate. Plate was subjected to thermal 
and mechanical stresses. 
reflection from the circular areas of high attenuation on the left in 
Fig. 9. Figure lOb is a second image of the bistatic backscatter data 
but for reflections from the deepest 30% of the depth of the specimen. 
Again the higher attenuation regions of Fig. 9 show the highest reflec-
tivity for this depth zone. Figure 11 is an optica! micrograph of a 
section of the specimen through one of the high attenuation circular 
areas of Fig. 9. A considerable amount of local delamination is evidenced 
in this micrograph. Micrographs of the regions of low attenuation show 
no evidence of delaminations. 
( a ) (b) 
Fig. 10. Images of bistatic backscatter data, with 8 . 10°, for plate 
used for Fig. 9. (a) O to 30% depth; (b) 70 to 100% depth. 
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CONCLUSIONS 
Fig. 11. Optical micrograph of cross section of 
a highly attenuating area of plate 
imaged in Fig. 9. 
The multiparameter ultrasonic evaluation methods under development for 
the evaluation of composite materials have been shown to be sensitive to 
several flaw types in SiC fiber reinforced LAS glass-ceramic composite 
materials. The frequency dependence parameter, n, shows the expected 
behavior for simulated delaminations. Ultrasonic interrogations at higher 
frequencies must be carried out on the low loss ceramic specimens in order 
to use the parameter, n, for distinguishing between the various flaw types 
of interest. Through the thickness location of flaws was demonstrated 
using pulse-echo, spike-pulse measurements. The backscatter and 
forwardscatter techniques proved to be sensitive to flaws with facets not 
coplanar to the specimen surface. Cut ply type flaws and multi-layered 
delaminations were detected effectively with these techniques. 
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